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DISPERSION MANIPULATING FIBRE 

The present invention relates \a 'jw 
5 structures In core and/or cladding region(s). 

^maMSi^'^^!'^'^^ »,™«ical fibres are receiving a continuously high 

The dispersion propeniesotconven^nai^t^H.^^^ ^^^^ 

research interest in connection ^'^'^'^J ^3 a strong interest in 

,0 propagation, and contro, ----^ ^rde ne^ dispersion propenies or .av 

r:rr:r-eTd:persio:prope.^^ 

.ecen.,vanev.t.peo.optica,.iUethat.s.— 
,.heen proposed, opticaitibres otthist^^^^^^^^^^^^^^^^ 

e.g. micro-stmctured fibres, photonic crystal "^^^ '' J' ^ ^„ 3^,34903, WO 
,-,p,es) have been described in a number of refe^ • ^^^^ ^^^^^^ 

39,6.904, and Broeng et ai (see ''"^ ...ctures, and US 

such fibres having claddings defining Photon. Ba^d Gap ( J ^ ^ ^^^^ 
20 patent 00. S.802,236, Knight et ai. (see JJP^ ^ ^ ^^^^^ 

,998), Monro et al. (see Optics ^™ l^,^, p,,„,„o„ ^,R). This 

25 . vhM dispersion properties that are unattainable in 

„lcro.structuredfibresare.no». oe «.s .,0^^^ 

conventional optical fibres (see e.g.Ranka e , p ^^^^^3^^ ,^,9 Mogilevtsev et 
2000, Brodenck et ai. Optics ^'^^'^ '^^^^^^ ,,,3). p.ope«ies include shining 
al. optics Letters. Vol. 23, No. 21 , p. 662 t6M^ ^ ) ^ ^ 
30 the zero dispersion wavelength below 1. !■ ■ „„,|iahtover a very broad 

reference been utilized for -P^^-^'^^^^^^'^eieng hs). The development of such 
.eduency range (covering visible ,0 '^^^'■'^^^^^^^^le Usible through the design 
.h,.e.light generators using mlcro.tru*.d^^^^^^^^^^^ 

3.!rr.rdr:^^^^^^^^^ 



, -7-. 7 nn 281-284 2000, Wadsworth et al. 

riding aM,'n..^^^^^ 
,^ce*e dice beMeen.«oneares, airholes, ^, and .hey have a,Uso,,dcore.T 

1 oMhe core is relatively s,.a,, - abou, 1 .S^un in d,an,e,erM, ,3 a disadvantage oHhe 
prior art .ibres «.th .ero-dispersion wavelength shined below 1.3^.. that they are no, 
.HCly sihgle-.ode at visible wavelengths, bu. support a .ew (or n.ore) g.ded ™de. 
raLe<,,edreterehoeb,Ran.aeta,.,i,isden.ohs,ra.edthat.orre,at™e,yso.^^ 

to ^ sths, the tuhdantental .ode o. such .ibres may be considered und.sturbed by any 
higher order guided n.odes (i.e. there ,s a low coupling coetticient ^e-e" t 
.lantenta, and the higher order n^odes). However, tor guidance over longer ,b. 
engths (i e. hundred of meters) it is a disadvantage o, the prior art .ibres w«h .ero 
: el wavelength Shined below1.3.m.hatthey are not strictly sln^emo^^^ 

,5 wavelengths. is a turther disadvantage o. the prior ar, fibres with zero d,s ers 

wavelength be,ow,.3.mthatthey Will be highly n^ultimode a, Visible wavelengths^^ 

core Size is increased above 2 ^. It would be an advantage if fibres w.h zero dispersion 
„ave,er,gth shifted below 1 .3 m could be realized so as to have a core that was 
Iparable in size to that o, standard transn,,ssiOh optica, fibres (i.e. to have a core of 
20 around 5 micron in diameter). 

Another ir^portant aspect of micro-structured fibres is that they may exhibit normal 
^rin or so-called negative dispersion,. near.inf,ared wavelengths. Pibresw,^^ 

,arge negative dispersion at , .55 ^m are aUractive for use as inse«,on.compon n s ,n 
25 existing optical tibre communication lin.s, as they may be used to compensate the 

positiv!d!lpe.ioharound1.5S .mot already installed standard transm,ss,onf.res^^ 

Les that are designed to operate in the second telecommunication w,ndow and have a 
zero dispersion wavelength at 1.3^im). 

30 Monro et a,, have presented micrcstructured fibres having <>i^P«-'°; °' ^^'^ 
ps/nm/km at t .55 .m (see Journal of Lightwave Technology, Vol. 17, No. 6, pp^1093. 
,102 ,999) The fibres presented by Monro etal. are characterized by a solid core 
— by micro-st.c,ured Cladding withaclose-pacKed arrangement of ident^^^^^ 
holes. The Cladding holes have a size d/A around 0.2. It is a disadvantage of the .b- 
35 presented by Monro et al. that the dispersion is no. more negative than -30 ps/nm/Km. 



DiGiovanni et al. {see US patent no. 5,802,236) have presented micro-structured fibres 
that provide significantly larger negative dispersion at near-infrared wavelengths. 
DiGiovanni et al. disclose micro-structured fibres that are characterized by a core and a 
micro-structured cladding. The cladding consists of inner and outer cladding features, 
5 thereby forming an inner and an outer cladding region. Both the inner and outer cladding 
of the fibres has an effective index that is lower than the core refractive index at all 
wavelengths. The features of the inner cladding region (preferably air holes) act to lower 
the effective refractive index compared to the effective refractive index of the outer 
cladding region. Hence, the fibres disclosed by DiGiovanni have a so-called "depressed" 
10 cladding design. The use of depressed cladding regions is well-known from the 
development of conventional dispersion compensating fibres (see e.g., M.Monerie, 
Propagation in doubly clad single-mode fibres, IEEE Journal of Quantum Electronics, 
vol.QE-18, no.4, April 1982. pp.535-542). To those skilled in the art. it will be recognised 
that in order to increase the negative dispersion of the fibres disclosed by DiGiovanni et 
15 al.. the size of the cladding features must be Increased. Digiovanni et al. disclose fibres 
that have dispersion of up to -1700 ps/nm/km. It is a disadvantage of the fibres disclosed 
by DiGiovanni that the depressed cladding design does not allow to increase the inner 
cladding feature size so as to obtain negative dispersion of more than -2500 ps/nm/km. 
This latter limit of maximum obtainable negative dispersion was predicted by Birks et al. 
20 (see Photonics Technology Letters.Vol. 1 1 , No. 6, pp. 674-676. 1999). Birks et al. studied 
the fundamental limits of negative dispersion that can be obtained in solid core micro- 
structured fibres made of pure silica and air. Birks et al. argue in the above-cited 
reference that by increasing the void size (air holes) the negative dispersion of micro- 
structured fibres is generally increased. Hence, an ideal micro-structured fibre (with 
25 respect to negative dispersion) consists - according to Birks et al. - merely of a thin silica 
rod (the fibre core) surrounded by air. Hence, Birks et al. made a prediction of the 
maximum obtainable negative dispersion based on the study of a solid silica rod 
surrounded completely by air (this case corresponds to the inner cladding features of the 
fibres disclosed by DiGiovanni et al. being so large that they overlap each-other). For 
30 such an ideal micro-structured fibre. Birks et al. found a dispersion of -2000 ps/nm/km. 
This result has been taken as the maximum obtainable negative dispersion that can be 
obtained using silica-based optical fibres. It is a disadvantage of the fibres disclosed by 
Birks et al. that a negative dispersion of more than -2500 ps/nm/km cannot be obtained. It 
is a further disadvantage of the fibres disclosed by Birks et al. and of DiGiovanni et al. that 
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the fibre core must be very small (about Ijim or less in diameter) in order to ensure single 
mode operation at near-infrared wavelengths while exhibiting large negative dispersion. 

The present invention provides fibres that are substantially single mode at visible 
5 wavelengths while having zero dispersion shifted below 1 .3 ]xm. This application further 
discloses fibres that are strictly single mode, have a zero dispersion wavelength below 1 .3 
micron, and a core diameter of more than 2 ^im. 

This application discloses micro-structured fibres that have dispersion significantly more 
negative than -2500 ps/nm/km. The present inventors have realized that it is 

10 advantageous to turn up-side-down the usual design rules for realization of fibre with large 
negative dispersion - and to design fibres with a so-called "raised", micro-structured, inner 
cladding region. As documented in this application, it becomes possible to realise micro- 
structured fibres with negative dispersion of up to -4500 ps/nm/km. This application 
describes in detail the design-route that the present inventors have found in order to 

15 realize such fibres and discloses a number of preferred embodiments of fibres according 
to the present invention. 

Glossary and definitions: 

In this application we distinguish between "refractive index" and "effective refractive 

20 index". The refractive index is the conventional refractive index of a homogeneous 

material. In this application we consider mainly optical wavelengths in the visible to near- 
infrared regime (wavelengths from approximately 400nm to 2|j.m). In this wavelength 
range most relevant materials for fibre production (e.g. silica) may be considered mainly 
wavelength independent, or at least not strongly wavelength dependent. However, for 

25 non-homogeneous materials, such as micro-stoictures, the effective refractive index is 
very dependent on the morphology of the material. Furthermore the effective refractive 
index of a micro-structure is strongly wavelength dependent - much stronger than the 
refractive index of any of the materials composing the micro-structure. The procedure of 
determining the effective refractive index of a given micro-structure at a given wavelength 

30 is well-known to those skilled in the art (see e.g. Jouannopoulos et al, "Photonic Crystals", 
Princeton University Press, 1995 or Broeng et ai, Optical Fiber Technology, Vol. 5, 
pp.305-330, 1999). The present invention takes advantage of specific micro-stnjcture 
morphologies and their strong wavelength dependency in a novel manner and discloses 
fibres where the effective indices of the core and cladding regions are varying with respect 

35 to each-other in an untraditional way. Most importantly, there exists for the fibres, 



disclosed in this application, specific wavelengths - so-called "shifting" wavelengths - for 
which the difference between the effective indices of core and cladding regions may 
change sign. The present inventors utilize this property to realize micro-structured fibres 
with strong dispersion around the shifting wavelengths. 

5 

Usually a numerical method capable of solving Maxwell's equation on full vectorial form is 
required for accurate determination of the effective refractive indices of micro-stmctures. 
The present invention makes use of employing such a method that has been well- 
documented in the literature (see previous Joannopoulos-reference). In the long- 

10 wavelength regime, the effective refractive Index is roughly identical to the weighted 

average of the refractive indices of the constituents of the material. For micro-structures, a 
directly measurable quantity Is the so-called filling fraction that is the volume of disposed 
features in a micro-structure relative to the total volume of a micro-structure. Of course, 
for fibres that are invariant in the axial fibre direction, the filling fraction may be determined 

15 from direct inspection of the fibre cross-section. 

c ^ummarv of the invention: 

The problem to be solved by the invention is to be able to guide light in single-mode 
micro-structured fibres, while being able to either shift the zero dispersion wavelength to a 

20 wavelength shorter than 1 .3 ^im or to obtain a large negative dispersion value around 
1 .55^im. The present inventors have discovered that the prior art fibres with a solid core 
require small core diameters in order to obtain single-mode operation and large negative 
dispersion. The present invention discloses a method for obtaining large negative 
dispersion, while maintaining a core diameter comparable to that of standard optical 

25 fibres. Further, the use of a depressed cladding - as disclosed in the prior art - is not 
optimum for realising fibres with large negative dispersion at near-infrared wavelengths. 
The present inventors have found that micro-structured fibres can be improved with 
respect to increasing the dispersion (both to large negative or large positive values) if the 
fibres have a micro-structured core region with a feature spacing that is smaller than the 

30 cladding feature spacing and/or if the fibre is designed with two cladding regions where 
the inner cladding region is micro-structured and has an effective refractive index that is 
larger than the outer cladding region (the inner cladding region should have a lower filling 
fraction than the outer cladding region). 
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Large air holes in cladding of micro-structured fibres generally allow a higher degree of 
flexibility when tailoring the dispersion properties of the fibres. It is, therefore, desirable to 
realize micro-structured fibres with large air holes. The main problem for the fibre designs 
disclosed in the prior art is, however, that above a certain air hole size, the fibres may 
5 become multi-mode. This present invention includes a way of realizing strictly single- 
mode micro-structured fibres with large air holes, by using micro-structuring of the core 
region and/or various dopants in the high-index composite of the micro-structured fibre 
(this being either in the core or in the cladding - or in both). The invention covers two 
main aspects, namely fibres with micro-structured core regions, where the core features 
10 are smaller and more closely spaced than the cladding features and it covers fibres with a 
so-called raised, inner, micro-structured cladding region. The invention allows realization 
of substantially single-moded fibres - with core sizes comparable to conventional optical 
fibres - which can significantly increase the flexibility for manipulating the dispersion in 
optical fibre communication systems. 

15 

In a first aspect, the invention is embedded in an article (which e.g., can be used in an 
optical fibre communication system) that comprises a micro-structured fibres that 
comprises a core region that comprises a multiplicity of spaced apart core features that 
are elongated in the fibre axial direction and disposed in a core material, the core being 
20 surrounded by a cladding material that comprises a multiplicity of spaced apart cladding 
features that are elongated in the fibre axial direction and disposed in a first cladding 
material, the core features being closer spaced than the cladding features. 

The present invention includes micro-structured fibres, where the elongated features may 
25 be either non-periodically or periodically distributed. Hence, when we are discussing the 
spacing of elongated elements, we will mean the centre-to-centre distance between two 
neighbouring features. For periodically distributed features, this centre-to-centre spacing 
is easily determined, and is e.g. for a close-packed arrangement of the features identical 
to the pitch of the periodic structure. For non-periodic distributions, the centre-to-centre 
30 spacing should be taken as the average centre-to-centre distance between neighbouring 
features. For special distributions, e.g. in the case of a very low number of features, the 
centre-to-centre spacing should be taken as the smallest centre-to-centre distance 
between neighbouring features in the relevant region. 




7 

In a preferred embodiment, the core has a diameter larger than 2 \im. For telecom 
applications, generally a core size in the range from about 2 ^m to 10 ^im is desired. For 
high-power applications, a larger core size is desired such as from about 10 urn to 50 ^m. 

5 In a further preferred embodiment, the cladding features should have a diameter that is 
larger than 0.45 times the cladding feature spacing, such as a diameter larger than 0.6 
times the cladding feature spacing, such as larger than 0.9 times the cladding feature 
spacing. Also it is preferred that cladding features occupy at least 25% of the cross- 
section of the cladding region, such as more than 40%, such as more than 50%. such as 

10 more than 60%, such as more than 70%, such as more than 80%. 

It is further preferred that in order to guide light in a single mode with strong dispersion, 
that the core features occupy more than 5% of the cross-section of the core region, such 
as more than 10%, such as more than 25%. such as more than 50%, such as more than 
15 75%. 

In a further preferred embodiment the cladding features are periodical cladding features, 
this may e.g. be by close-packing, which provides intrinsically the largest void filling 
fraction. 

20 

In a further preferred embodiment the number of core features is larger than 2, such as 
larger than 5, such as larger than 17. 

In a further preferred embodiment the core features are periodical core features. 

25 

In a further preferred embodiment the spacing of the core features and of the cladding 
features are in the range of about 0.2 ^im to 50 p.m. 

Commonly it is preferred to realise the fibres with core material and/or the cladding 
30 material being silica. 

it will be further advantageous to have the refractive index of the core material to be lower 
than the refractive index of the first cladding material. 
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Commonly, the core features and/or the cladding features are voids. These voids may 
depending on the specific application of the fibre contain air, another gas, or a vacuum. 

in a second aspect, the invention is embedded in an article {e.g. in an optical fibre 
5 communication system) that comprises a micro-structured optical fibre having an axial 
direction and a cross section perpendicular to said axial direction, the optical fiber 
comprising a core region surrounded by a cladding region that comprises a multiplicity of 
spaced apart cladding features that are elongated in the axial direction and disposed in a 
first cladding material, the core region having an effective refractive index and the 
10 cladding features having a refractive index that differs from a refractive index of the first 
cladding material, and the cladding region comprises an inner cladding region surrounding 
the core region and an outer cladding region surrounding the inner cladding region where 
the inner and outer cladding regions having effective refractive indices Ni, and No, 
respectively, with Ni>No. and the cladding features in the inner cladding region having 
15 smaller size in cross section than the cladding features in the outer cladding region. 

It is further preferred that the inner cladding features have a diameter that is smaller than 
a diameter of the outer cladding features. This provides a relatively easy design to allow 
realization of raised cladding micro-structured fibres. 

20 

In a further preferred embodiment, the refractive index of the core material is lower than 
the refractive index of the inner cladding region material. This allows a simple design for a 
fibre exhibiting a shifting wavelength. 

25 A further preferred embodiment has a centre-to-centre spacing between inner and outer 
cladding features that is substantially identical. 

In a further preferred embodiment, the refractive index of the inner cladding material is 
substantially identical to the refractive index of the outer cladding material. 

30 

In a further preferred embodiment, the filling fraction of inner cladding features in the inner 
cladding region is smaller than the filing fraction of outer cladding features in the outer 
cladding region. 
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In a further preferred embodiment, the refractive index of the inner cladding material is 
larger than the refractive index of the outer cladding material and the inner cladding 
features in the cross-section occupy an area, F„ of the inner cladding region and the outer 
cladding features in the cross-section occupy an area, F^, of the outer cladding region, 
5 and Fi is equal to or larger than Fo. 

In a further preferred embodiment, the core region comprises a multitude of spaced apart 
core features. This allows an even higher flexibility for tuning the dispersion properties - 
as discussed in the first aspect of this invention. 

In a further preferred embodiment, the refractive index of the core material is substantially 
identical to the refractive Index of the Inner cladding region material. 

In a further preferred embodiment, the refractive index of the core material is substantially 
identical to the refractive index of the outer cladding region material. 

In a further preferred embodiment, the core features have a diameter that is smaller than 
the diameter of the inner cladding features. 

In a further preferred embodiment, the core features have a centre-to-centre spacing that 
is smaller than the centre-to-centre spacing of the inner cladding features. 

In a further preferred embodiment, the outer cladding features occupy more than 30% of 
the cross-section of the outer cladding region, such as more than 40%, such as more than 
50%, such as more than 60%, such as more than 70%, such as more than 80%. 

In a further preferred embodiment, the inner and/or outer cladding features are 
periodically disposed. 

30 In a further preferred embodiment, the core features are periodical core features. 

In a further preferred embodiment, the core has a diameter larger than 2 |xm. 

In a further preferred embodiment, the core diameter is in the interval from 2 to 10 ^m, 
35 such as in the interval from 4 to 6 ^m. 



.._,_.e— ^^^^^^^^^^ 

r2:::::::r;:o::Lo.^ 

5 as in ,he range of about 2 to 5. such as in the range o. about 5 to tO. 

,„ a further preferred embodirnen, the core features have a spacing In the range of abou. 

10 5, such as in the range of about 5 to 10. 

,n a fu.her preferred embodiment, the core features have a spacing In the range o, about 
0 , 1 c 1 .m, such as in the range of about O.S ^ to 1 ^, such as in the range o, 
lrt:.t:a..,suchasin,herangeo.abou..^toa..,suchasin.herangeo. 

15 about 5 ^lmto 10 nm. 

,n a further preferred embodiment, any of the core features and/or any of the Inner or the 

Cladding features are voids. 
.Otnafurther preferred embodiment. the corefeaturesand/or the Caddlng-eature. are 

voids containing air, another gas. or a vacuum. 

,n a further preferred embodiment, any of the core features and/or the cladding features 
are!! containing polymer,s,.amateria, prodding an increased third-order non- 
25 linearity, a photo-sensitive material, or a rare earth matenal. 

,n a further preferred embodiment, the fibre guides light «i,h waveiength.s, in the range 
.orn abou,0.,.mtot5^, such as from abou.0.5.mto1.a.m, sue as.om o. 

, .0 ,m to 2.0 .m, such as from about 2 ^m to 5 ^m, such as from about 5 ^m to t5 .m. 

,n a fudher preferred embodiment, the core or the cladding may comphse a dopant (e.g. 
an active or photosensUlve matenai) or a matenal showing higher order ,non-„near, 
Optical effects. 



In a further preferred embodiment, higher order (non-linear) effects may be used for e.g., 
soliton communication or more generally in applications, where non-linear effects are 
influencing the propagation properties of signals in optical communication systems. This 
also includes realisation of components for optical signal processing and for switching. 

5 

in a further preferred embodiment, especially for applications for fibre lasers or fibre 
amplifiers, the dopant in the core or the cladding may be e.g.. a rare-earth dopant adapted 
to receive pump radiation and amplify radiation travelling in the core region. 

10 In a further preferred embodiment, the dopant may be a light sensitive dopant, such as 
Germanium. In that situation, the dopant may be use for e.g. optically writing a grating in 
the fibre or core region. 

Rrief descriotion of the drawings: 

15 

Fig. 1 illustrates schematically the design of a typical micro-structured fibre known from 
the prior art. 

Fig. 2 illustrates the core region of the fibre in Fig. 1 . 

20 

Fig. 3 shows a scanning electron micrograph of a real, micro-structured fibre with a design 
known from the prior art. 

Fig. 4 shows the mode field distribution of the fundamental mode of a micro-structured 
25 fibre. 

Fig. 5 shows the dispersion properties of micro-structured fibres with relatively small 
cladding air holes. 

30 Fig. 6 shows the cut-off properties of a micro-structured fibre with a design known from 
the prior art. 

Fig. 7 shows the mode field distribution of the second-order mode of a micro-structured 
fibre. The two lobes of the mode field have a 180 degree phase reversal between them 
35 which is indicated by the plus and minus signs. 
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closely spaced than the cladding features, 
%,.3howsaclcse.upo,,hecotete,lon.nd.helnne.pano,.hecladdln,.glon„o. 

the fibre in Fig. 8. 

,,,...«sanc.he.l.eacco.n..othe.e.nUn^ 
10 Cladding features positioned at the same places as the f,bre in 

features are significantly larger. 

Pig..,i,,us.ra.esap,lora«,i.re™ithahigh filling fraction inth^clad^^^^^^ 
3:po.sahighnu..ro.gulded.c^s^on^^^^^^^^^ 
15 and second-order ntode are .lluslrated). The <i-'^^ ^ ,„ 

stnicture is illustrated in the right part of the figure. 
.O.g....l.tra.esafihre.th.icr.stru.ured.re;^^^^^^^^^^^^^ 

25 The Cladding holes are spaced fudher away from " 

r:rrrrl;nhay,ngan effective inde. Which is.^^^ 
refractive index of the core in the prior art fibre. 
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air guidance. The cladding holes are spaced further away from each other compared to 
the core holes, and the air filling fraction In the core region is lower than in the cladding 
region. 

5 Fig. 14 schematically shows the dispersion properties at visible to near-infrared 
wavelength of the fibre in Fig 13. 

Fig. 1 5 illustrates schematically the operation of dispersion compensating fibres known 
from the prior art. 

10 

Fig. 16 illustrates schematically the operation of dispersion compensating fibres disclosed 
in this application. 

Fig. 17 shows a fibre according to the present invention. The fibre has a solid core that 
15 has a lower refractive index than the refractive index of the background cladding material 
and a raised, micro-structured, inner cladding region. 

Fig. 18 illustrates schematically the operation of dispersion compensating fibres disclosed 
in this application. 

20 

Fig. 19 shows a further example of a fibre according to the present invention. The fibre 
has a raised, micro-structured, inner cladding region. 

Fig. 20 shows yet another example of a fibre according to the present invention. The fibre 
25 has micro-stnjctured core region and a raised, micro-structured, inner cladding region. 

Fig. 21 illustrates the operation of the Fibre in Fig. 20 through the use of effective 
refractive index considerations. 

30 Fig. 22 shows a simplified illustration of the operation of the fibre in Fig. 20. 

Fig. 23 shows the dispersion properties of a fibre according to the present invention. The 
dispersion at near-infrared wavelengths is lower than -4000 ps/km/nm. 



35 Fig. 24 shows yet another example of a fibre design according to the present invention. 



Fig. 25 shows yet another example of a fibre design according to the present invention. 

nataiifid description of thP invention and some preferred embodiments: 
5 A typical micro-structured fibre known from the prior art is illustrated schematically in Fig. 
1. The figure shows a cross-section of the fibre. The fibre consists of a background 
material (10) and it is invariant in the longitudinal direction (the direction perpendicular to 
the illustrated cross-section) and it has a cladding region characterized by an array of 
features (1 1 ) running along the fibre axis. In the prior art, the most commonly used 
10 background material is silica and the features are most commonly air holes. The holes are 
in this case arranged periodically (in a so-called close-packed or triangular arrangement), 
but the holes may also be non-periodically or randomly distributed (see e.g. Monro- 
reference). In the centre of the fibre (12) a single hole has been left out in order to form a 
high-index core region. In Fig. 2, the core region is schematically illustrated (20) along 
15 with the centre-to-centre distance between two nearest air holes, A. In the case of micro- 
structured fibres with periodically arranged holes, these form in the cross-section a two- 
dimensionally periodic lattice with a lattice constant equal to A. 

Micro-structured fibres are commonly fabricated using a relatively simple procedure, 
20 where an array of silica rods and tubes are stacked by hand to fomi a preform, that may 
be drawn into fibre using a conventional tower setup. Various lattice structures may be 
realized using this technique by positioning rods and tubes during the stacking process in 
a close-packed arrangement. Such preforms are readily drawn to dimensions, where 
centre-to-centre spacing between two nearest air holes may be less than 2.0 nm. while 

25 presen/ing the initial air hole lattice in the cross-section of the fibres. Fig. 3 shows an 
example of a final micro-structured fibre - with a regular air hole arrangement - that has 
been realized using a so-called stack-and-draw process. The fibre in Fig. 3 has air holes 
arranged in a triangular lattice, and a high-index core is fomned by the omission of a single 
air hole. Light may be guided efficiently in the core region of micro-structured fibres, and 

30 an example of the fundamental mode that is guided in micro-structured fibre known from 
the prior art is illustrated in Fig. 4. 

Fig. 5 shows the dispersion properties at near-infrared wavelengths of a series of typical 
micro-structured fibres known from the prior art. The fibres have all a design as shown in 
35 Fig. 1 , but the cladding air holes are varied from dlK= 0.10 to 0.45. The simulation of the 
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fibres is for a fixed A value of 2.3 urn. The dispersion properties are simulated using a full- 
vectorial mode-solver as a function of wavelength. From the figure, it is first noted that for 
very small air hole sizes, e.g., when the influence of the air holes is strongly limited, the 
dispersion curve is very close to the material dispersion of pure silica (zero dispersion 
5 wavelength around 1 .3 ^m1). As the diameter of the air holes is increased, the waveguide 
dispersion becomes increasingly strong. This shows that the waveguide dispersion may 
be positive at wavelengths below 1 .3 ^m, while the fibres simulated in Fig. 5 are all single- 
mode due to the relatively small size of the cladding holes {d/A equal to or less than 0.45). 
These dispersion properties are well known for micro-structured fibres, but are 
10 unattainable for conventional optical fibres. Such dispersion properties may be utilized in 
applications such as white-light and soliton generators. 

The air-filling fraction is a key parameter to increase in order to further increase the 
dispersion of micro-structured fibres. This may be desired in order to shift the zero- 

1 5 dispersion to even shorter wavelengths than presently possible, or to allow the use of 
shorter fibre length for obtaining a given dispersion effect. It is. however, well known from 
the prior art that micro-structured fibres may become multi-mode for large cladding air- 
filling fractions - and that the largest possible cladding air hole size that can be employed 
in order for the prior art fibres to be strictly single-mode at all wavelengths is about 

20 cl'A=0.45 (see e.g. Birks et al, Optical Fiber Communication Conference, paper. FG4-1 , 
1999.). 

The cut-off properties of prior art micro-structured fibres may be understood from Fig. 6. 
which shows the effective index of the guided modes of a micro-structured fibre with 

25 relatively large air holes in the cladding region. The cladding air holes are identical and 
they have a size d/A=0.e, where d is the air hole diameter, and A is the centre-to-centre 
spacing of two nearest air holes. The figure shows additionally the effective refractive 
indices of the core region and the cladding region. The core region is made of pure silica 
and it is. therefore, equal to 1 .45 (which is a representative value for silica at visible to 

30 near-infrared wavelengths). The cladding region on the other hand contains air holes 
which act to lower the effective refractive index significantly below the index of the core 
region. The fibre supports at least two modes and the mode-field distribution of the 
second-order mode is illustrated in Fig. 7. The second-order mode has a mode cut-off 
wavelength of A/l .5. Hence, to avoid the second-order mode at e.g. a wavelength of 
35 632nm, the centre-to-centre hole spacing, A, must be scaled to less than 1 ^un. For the 
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sp^ci-ic «bre in F,g. 4. .nis gives a core dia.e,sr o. iess ,^an 2 ^ (.he core Oia^ter may 
be approximated by two times A for the specific design). 

,n contras, .o .he fibre of .he phor art, the presen. inven,ors have reaiised how ^ 
5 increased .he feafures significanfiy above c*A.0.45 (and thereby ob.ain .he desired 
prope.es ,his gives access ,o,v*i,e.eepingthe,ibres substantia 

Jde at a., wavelengths. This is obtained by applying into ,he core region eionga.ed 
Tea ures with a size .ha, is smaiier .han .he size of .he Cadding .ea.ures, wh„e a, .he 
Te ime he core feature spacing is smaiier than .he Cadding feature spacing^ Hereby 
,orprLntinven.ors have realised .ha..hecu,-of, wavelength of any higher ordermode^ 

!av be pushed to very short wavelength - and for certain fibre dimension the second- 
:r:i:rcu..cffm; be comple.e,ye,imlna.ed even for fibres ^.h large feafures.^ 

c adding Figure 8 shows schema.lcally a fibre according .o the presen. ,nven.,on. wt.ch 
rbtcJoundma.eHal,SO,con.aining Cladding ,ea,ures ,81,0. diame.e.^^^^^^^ 

15 spacing. A., and a core region (82, .ha, contains (in .his case, seven core ,ean.res (63). A 
c:se-upof.hecorereglonisschema,icaiiyl,lus.ra.edinPlg.9,where.hecore^^^^^^^^^^ 

dlame,er and ,he core feafure cen.re-.o.cen.re spacing, A„ Is illus.ra,ed. The fibre n 
igaand ischarac,erizedbyC>*andA.>A,.Whiie,hePlgures8and.,showafibre 

according .0 ,he inven,-.n wl.h medium sized cladding ,ea.ures, fibres w„h even larger 
.0 a:dingfea,ures(*.A.iarger,hanC.6)wl,lbefu,,heradvan,ageousw^^^^^^^^^^^^^^^ 

are provided. Fig. 10 shows a schema.ic example of a fibre according ,o the present 
TnL With large claddingfea.ures,100)and smaller fea.ures,101,in .he core region. 

TO i„us.ra,e ,he findings o, ,he presen, invenfors, .he figures 1 1 .o 13 " 
25 possible .0 ellmina.e .he second-order mode (as well as any hlgher-order nno^s) by 

n^ucmg feafures ln.o .he core region o, a fibre wi.h ve^ large c,add,ng < « 

,ee.ures have in ,he specific example a size of *=0.9. However, also for smaller 
cadding fea.ures ,. will be advan.ageous .o Introduce features Into the core region. Fig. 11 

30 illus.ra.es .he operarlono, fibre withasolid core ,a fibre design .ha. is Kno,^^^^^^^^ 

prior art) The figure shows .he rela.lon bemeen propaga.ion cons.an. along ,he fibre axis, 
p and free space wavanumber. K. for modes in .he .ibre. The propagation cons.an. ,s 
nonnallzed wUh respeC .o .he cladding fea.ure spaCng, A. The fibre supports a mul.i,ude 
o, guided modes, bu. only .he .wo lowes. order modes have been shewn .or reasons o, 

35 clari.y (.he fundamenfal mode has .he hlghes. p/kvalue for a given p value). The semi- 



.,ex o, .he dad*,) iliusUa.es .he --^-^^-^^tZeZ^- - '''' 
S ,he air holes. By ,n.ro.uc,n8 sma„ .ea..res ,,,,,,,, ,3 

,ea,ures,.hen.hesecond.or.e..c.e™ybecornp^.^^^^^^^ 
,0 inF,g.,3.Theadvan,ageouso .he^ ^ .^-^^^^^^^^ 

..ow.-,nBg.13wi«havea,argercoresi.e,hana.re^^^^^^^^^^ 

- — ---°-^'r:rr::^r:ra:ope.a.e 

.„B,.13..heoo,es,ze.aybea.^^^^^^^^^ 

dispersion a. visible v,aveteng.hs. In fact thee ,3 core sizes wl.hln 

mode field using a high number of core features. 

14. 

have realized .ha. mlcro-s(ruc.ured fibres may be sigrMf icanlly 
While .he preser,. ,nven.ors have realized .ha 

improved by in.roducing a specilically =^-7^;; ,,„,es 
i.por.an,.ono.ice,ha..hemloro-s,r.c.uredoores^^^^^^^^ 

,ave an etfeClve refraCive index .ha. ,s higher .han ^^^^^^ J by T R. This is seen 
35 fibres v,ill only over a limited waveieng.h range guide l,gh. ,n ,he by 



in Fig 1 3 where a cut-off value exists for the fur,damer,.al mode. The fibres may, 
Jver, also guide iigh. outside the — gth rar^ges where TIR taKes plac. T .s «n 
result frorr, waveguidar,ce by PBQ effects, a waveguidar,ce mechanism that can also be 
utilized in the fibres covered by the present invention. This requires, however, that the 
5 Cladding region has a pehodic distribution of the dadding features. Such a 

no, necessary for the maiority of fibres disclosed in this application which may well have 
ron-periodically distributed cladding features (and guide light by TIR). 

AS documented by the discussion above, the effective Index of the core micro-structure 
10 may for celain wavelength regions be strongly wavelength dependent forflbres accord.ng 
,0 the present invention. This may provide the fibres with a relatively low core-cladd,ng 
effective refractive index difference even for large cladding features. The low core- 
cladding effective refractive index dlHerence represents the key issue that allows to 
suppress the second-order mode cut-off completely or to shift It to wavelengths shorter 
,5 than a desired operational wavelength. Hereby the strong dispersion of the fundamental 
mode can be achieved in the micro-structured fibres while being under single-mode 
operation. According to the present invention, it will be further advantageous, .f the 
refractive index of the core background material is lower than that of the background 
cladding material (e.g. if the fibre is made of silica glass, that the silica core matena ,s 
20 doped so that is has a lower refractive index than the cladding background matenal). T .s 
will act to further suppress the second-order mode cut-off. As already mentioned than ,t 
Should be noticed that the fibres, disclosed in this application, may be oharactenzed by a 
cut-off wavelength for the fundamental mode, in which case the fibres will not transmit 
light at wavelengths shorter than a certain critical value. This cut-off wavelength may, 
25 however be designed to be shorter than a desired operational wavelength. A further 
embodiment of the present invention includes mlcro-stmctured fibres with a core region, 
which is characterized by a miorostruCure having a different mlcrostructure than the 
Cladding region and where the effective index of the core region is higher than the 
effective index of the cladding at long wavelengths and becomes lower at wavelengths 
30 shorter than a certain critical value. This requires a core region where the background 
material has been doped to a lower nominal value than the background material o, the 
Cladding microstructure and/or the core mlcrostn^cture has a lower filling fraction than the 
cladding microstructure. It is important ,o notice that both the core and oladdmg 
microstmctures may be substantially periodic or they may be non-periodic. The core 
35 structure may. in principle, be periodically micro-structured without paying respect to 



whether the cladding structure is periodically rr^icro-structured, and vice versa. The 
advantage of the latter type of er.bodirT.ent is that a more circular symrr^etric mode f.eld 
distribution in the fibre cross-section may be obtained at a desired wavelength. Th.s type 
of embodiment may. however, not provide a complete suppression of the second-order 
5 mode A further way of providing a smoothing of the mode field is by providing additional 
elements (either ring-shape features surrounding completely the core region or d.screte 
elements such as air holes in a ring around the core centre) in close proximity to the core- 
cladding interface. 

10 in a preferred embodiment, the cladding has features of size d/A larger than 0.45 - and 
the core region contains more than one elongated feature (usually voids in the form of a.r 
holes) Preferably the number of core features is larger than 2 in order to utilize the core 
features to shape the guided mode of the fibre to a desired profile. Using just a single hole 
will either provide a single, centrally air hole - causing an undesired mode profile w,th a 
15 low coupling coefficient with respect to Gaussian mode profiles (that is the prof.le of 
conventional fibre) or cause an a-symmetric profile. Hence with the aid of two or more 
holes, the guided mode{s) may be shaped to more desired profiles, while at the same 
time serving to push the second-order mode cut-off to short wavelengths. Furthermore >t 
is preferred that the number of significantly higher than 2. such as higher than 5 or higher 
20 than 17 and that the spacing between core features becomes very small (much smaller 
than the wavelength of light guided through the fibre). By this, the light will not be able to 
avoid the core features, and a large fraction of the light may. consequently, be gu.ded 
within the features. In a further preferred embodiment, the features are voids containing 
air, a purified gas or vacuum, hence allowing a fibre to guide with low losses. 

Apart from the potential of strongly shifting the zero-dispersion wavelength. Fig. 5 also 
Shows a near-zero, broadband dispersion flattened behaviour of crystal fibres with d,/A 
around 0 30. Due to the exhibition of positive waveguide dispersion at short wavelengths, 
the dispersion-flattened range is in fact extended to wavelengths below 1 .3 ^m down to 
30 approximately 1 .1 ^m. The attractive potential for micro-structured fibres of finding use as 
a standard transmission fibre in broadband optical communication seem, therefore, with 
respect to the dispersion properties, possible to fulfil. The large tailorability in the design of 
the crystal fibres, with respect to air holes sizes, shapes and arrangements provides a 
further fruitful mean of tuning of the dispersion curve to obtain specific properties. Micro- 
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structuring of the core as disclosed in this application provides further flexibility for 
designing fibres with flat, near-zero dispersion over broad wavelength ranges. 
Yet another aspect of micro-structured fibres is their ability to provide dispersion 
compensation at near-infrared wavelengths - and at 1 .55 m in particular. The present 
, inventors have realised how to provide a significantly higher degree of freedom for 
tailoring the negative dispersion of micro-structured fibres compared to both traditional 
fibres and previously known micro-structured fibres. The present inventors have realised a 
design-route for such micro-structured fibres, and the present invention discloses a 
number of specific design of micro-structured fibres with large negative dispersion. 

The fibres are characterized by a number of elongated cladding elements surrounding a 
core region - and the cladding elements are designed in such a way that the field 
distribution of light guided through the fibre will be much more wavelength dependent 
compared to any previously known fibre. This strong wavelength dependence provides 
15 the means for creating optical fibres with extremely strong dispersion. The present 
invention, therefore, includes designs of novel types of dispersion manipulating optical 
fibres that are able to compensate - over a small fibre length - the dispersion of 
conventional optical fibres that are already installed in many telecommunication systems. 
Hence, fibres according to the present invention may be utilized as short dispersion 
20 compensating components that can be inserted into existing systems. 

conventional optical fibres may be designed to exhibit normal dispersion. Such fibres are 
widely used on a commercial basis to provide dispersion compensation in optical fibres 
systems that are upgraded from operation at wavelength around 1 .3 ^xm to operation at 
25 wavelengths around 1 .55 ^m. These dispersion-compensating fibres allow us primanly to 
significantly increase the transmission capacity over an existing fibre optical 
communication system. The dispersion compensating conventional optical fibres is 
commonly characterized by a so-called depressed cladding - an inner cladding region 
that has a lower refractive index than the core and an outer cladding region. Multiple 
30 depressed cladding designs are also well known from conventional optical fibres. Also 
micro-structured fibres have been designed for dispersion compensating purposes with a 
depressed, micro-structured, inner cladding region (see e.g. US patent no. 5.802,236). 
Both the conventional, dispersion compensating optical fibres, and the micro-structured 
fibres in the above-cited reference have an operation that is illustrated schematically in 
35 Fig. 15. The figure shows the effective indices (which in the case that one (or more) of the 



three illustrated fibre regions is homogeneous is identical to the conventional refractive 
index o. .hat regionCs)). The figure illustrates that the core a. all wavelengths have the 
higher index, while the depressed, inner cladding region has the lowest. The outer 
cladding region has an index higher than the depressed cladding, but lower than the cor 
5 a, all wavelengths. The present inventors have, however, realised that i, is no, op n,un, to 
have the above-described relation between the fibre regions for all wavelengths. In 
contrast the present inventors have realized that it is advantageous to have fibres where 
the relation between the effective refractive indices of the fibre regions is varying as 
illustrated in Fig. 16. 

' ° This application discloses fibres where the eHeCive refractive index of the core may be 
larger than the effective indices of both an inner and outer cladding region a. long 
wavelengths, the core index may be equal to the inner cladding index at a specf.c 
wavelength, named the shifting wavelength, but remain larger compared to the outer 
1 5 Cladding at this wavelength, and finally, the core index may be lower than both the inner 
and outer cladding indices a. short wavelengths. The effective index o, the tnner cladding 
region will at all wavelengths be higher than that of the outer cladding index, and we are, 
therefore, naming inner cladding regions, according to the invention as raised claddings. 
The present inventors have realized that a very strong dispersion can be obtained around 
20 the Shifting wavelength, and tha, this shifting wavelength can be designed to any desired 
absolute wavelength for a number of the fibres disclosed in this application. The above- 
described effect may e.g. be obtained by realizing a fibre as shown in Fig. 
has a raised, inner cladding containing the features (170), and a solid core (171) that has 
a lower refractive index than the background material of the fibre (172). The outer 
25 Cladding region contains larger features (173) than the features of the inner cladding 
region. 

Another example of the effective index variation of a fibre according to the invention is 
shown in Fig. 18. In this example, we describe fibres, where the effective refractive index 

30 of the core may be larger than the effective indices of both an inner and outer cladding 
regK>n at long wavelengths. In agreement with the previously described example, the core 
index may be equal to the inner cladding index at a specific wavelength, named the 
Shifting wavelength. However, in contrast to the previous example, this may be obtained 
for a case where the refractive index of the background material of the inner cladding 

35 region is higher than that of the outer cladding region, provided that the air-filling fraction 



, rhrp with a design as illustrated in Fig. 19 will be 
10 shaped region around the core. 

„icro-structured fibres that exhibit strong disperse. 
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surrounding .he inner cladding region is .he outer cladding region, in the caicuia.ed 
example (as well as ,he s.ruCural example shown hereunder), .he inner and ,he outer 
crdTnUns have the same iat.lce.cons.an.. However., .he ou.er Cladding s.ructure, 

small inte,s.i.iai holes are placed. The etiec, o, these holes is that the outer ciadd,ng 
5 region behaves as i. i.s lanice constant is slightly smaller, than the lattice constant of the 
inner cladding region. 

T|„ , Itr -1 "1 °' '^i-n^^i"" r^Pensatiop: T o explain the way 

thlstibre worKs, we «li use the mode-inde^^showr in Fig. 21. Here "'^ 
,0 etteotive index o, some ditteren. periodic structures. The eHective index is ^e'™^ 

invahan. lenglh direClon, lor the fundamental mode, and is defined as the wave-vectors 
component in the length direction (the propagation constant p), divided by the free-space 
wavenumber, k. For a bounded mode (exempimed by -core-mode in the plot), .his 
de.ini.ion is compatible with the definition known from standard optical fibres. The 
15 effeClve index is shown as a .undon of .he nomtalized wavelenglh. X/A, where X iS .he 
tree-space waveleng.h, while A is .he aforementk>ned lattice-constant in the inner 
cladding (or the outer cladding, since they are equal). 

The effective index of the outer cladding is temied 'outer cladding' in the plot. The 
20 effective Index of the the curve 'inner core' is similar to the eHective index of the central 
core. Since 'Inner core' shows the effective index of a pertodic material, identical to the 
central core, except that 'inner core' extends infinitely in space. 

TO ob.ain the desired effect, 1. is necessary to have an index of the central core (inner 
25 core) Which lies above the index of the outer cladding at long (normalized) wavelengths. 
This is ensured by having an air-filling fraction In the central core, which is less than the 
air-filling fraction in the outer cladding. In the example calculated upon in this section, the 
central core has air-holes with a diameter of 70% of its lanice constan.. while .he ou.er 
Cladding has air-holes wl.h a diame.er of 75% of its lattice constant. Furthermore, the 
30 cuter cladding has Interstitial air-holes with a diameter of 1 3% of the local lattice constant, 
which lowers the eHective index of .he ou.er cladding further a. long wavelengths, 
compared to the effective Index of the central core. 

A. shorter wavelengths (UA s 0.79) the eHective index ol the outer cladding has nsen to 
35 the same level as the effective index of the cen.ral core-region. The reason beh.nd .he 
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Those skilled in the art will recognise, that a multitude of structures exist, which has 
different structural sizes in different parts of the fibre. These structures include: holes on a 
triangular lattice (as in the core-regions shown in Fig. 24-25). holes on a honeycor^b 
5 lattice (as the inner cladding shown in Fig. 25). holes on a honeycomb and a tnangu.ar 

lattice (as the outer cladding shown in Fig. 25). holes on a Kagom6 lattice (not shown) 

and holes on a Kagom6 and a triangular lattice (not shown). 



CLAIMS: 

1 An article comprising a micro-structured optical fibre having an axial direction and 
■ a cross section perpendicular to said axial direction, the optical fibre comprising a 
core region that comprises a multiplicity of spaced apart core features that are 
elongated in the fibre axial direction and disposed in a core material, the core 
15 being surrounded by a cladding region that comprises a multiplicity of spaced 

apart cladding features that are elongated in the fibre axial direction and disposed 
in a first cladding material; 

CHARACTERIZED IN THAT 

the core features have a centre-to-centre spacing that is smaller than the 
20 centre-to-centre spacing of the cladding features. 

2 An article according to claim 1 , wherein the core has a diameter larger than 2 nm. 

3 An article according to claim 2, wherein the core has a diameter in the range of 
about 2 ^m to 50 ^m, such as in the range from about 2 ^m to 5 ^.m. such as from 

25 about 5 ^m to 10 ^m. such as from about 10 ^m to 25 ^im. such as from about 25 

\xn\ to 50 p.m. 

4 An article according to claim 1 or 2. wherein the cladding features have a diameter 
that is larger than 0.45 times the cladding feature spacing, such as a diameter 
larger than 0.6 times the cladding feature spacing, such as larger than 0.9 times 

30 the cladding feature spacing. 

5 An article according to claim 3, wherein cladding features occupy at least 25% of 
the cross-section of the cladding region, such as more than 40%. such as more 
than 50%. such as more than 60%. such as more than 70%. such as more than 
80%. 



28 



6 An article according to any ot the preceding claims, wherein the core features 
occupy more than 5% of the cross-section of the core region, such as more than 
10% such as more than 25%, such as more than 50%. such as more than 75%. 

7. An article according to any of the preceding claims, wherein the cladding features 
are periodical cladding features. 

8. Article according to claim 1 . wherein the number of core features is larger than 2. 
such as larger than 5. such as larger than 17. 

9. An article according to any of the preceding claims, wherein the core features are 
periodical core features. 

10 An article according to any of the preceding claims, wherein the spacing of the 
core features and of the cladding features are in the range of about 0.2 ^m to 50 
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M^m. 

1 1 . An article according to any of the preceding claims, wherein the core matenal 
and/or the cladding material is silica. 

12. An article according to any of the preceding claims, the refractive index of the core 
material is lower than the refractive index of the first cladding matenal. 

13. An article according to any of the preceding claims, wherein the core features 
and/or the cladding features are voids. 

14 An article according to any of the preceding claims, wherein the core features 
and/or the cladding features are voids containing air. another gas, or a vacuum. 

15 An article comprising a micro-structured fibre having an axial direction and a cross 
section perpendicular to said axial direction, the optical fibre comprising a core 
region surrounded by an inner cladding region that comprises a multiplicity of 
spaced apart inner cladding features that are elongated in the axial direction and 
disposed in an inner cladding material, the inner cladding region being surrounded 
by an outer cladding region that comprises a multiplicity of spaced apart outer 
cladding features that are elongated in the axial direction and disposed in an outer 
material, the inner cladding features having a refractive index that differs from a 
refractive index of the inner cladding material and the inner cladding region having 
an effective refractive index N,. and the outer cladding features having a refractive 
index that differs from a refractive index of the outer cladding material and the 
outer cladding region having an effective refractive index No". 

CHARACTERIZED IN THAT 
Ni is larger than No- 
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